Abstruct-Measurements of the surface deviations of a parabolic antenna by microwave holography have been corrected for the effects of an enclosing radome. The largest correction, which is due to diffraction from the metal space frame, is made by using a model computed from the radome structure. This model accounts for the changing diffraction as the antenna is scanned during the interferometric mapping of the complex beam pattern. Correction for reflections from the radome panels is made by simultaneously measuring the beam pattern at multiple frequencies to provide delay discrimination to reject antenna side lobes generated by multiple reflections which arrive with delays different from that of the main beam.
I. INTRODUCTION HE technique of measuring the complex beam pattern and
T taking the two-dimensional Fourier transform to obtain the surface deviations has become widely used for surveying large parabolic antennas. The method, known as microwave holography, was first described by Scott and Ryle [ l ] and is based on the holographic method of Bennett et al. [2] . We have used this method to measure the figure of the surface of the Haystack 37 m antenna [3] . The measurements use geostationary satellite transmissions in the 12 GHz band as a signal source. The surface measurements are needed as input to a mechanical model of the antenna used to make adjustments to the surface for operation at wavelengths as short as 3 mm (100 GHz). As the resolution of the holographic measurements was improved to meet the demands of the mechanical model, various corrections were needed to remove errors in the holographic surface maps. Apart from the blockage of the surface by the radome structure, the major contributor to error was found to be reflections from the radome panels. Blockage by the subreflector and its supports also produces large errors but only in very localized regions. We have found it possible to make corrections to reduce the root mean square (rms) error [4] in the surface measurement to less than 0.12 mm with 50 cm resolution. Lower resolution holographic maps have even less error. The use of a shorter wavelength for holography would reduce the errors still further. Unfortunately we were unable to find a suitable signal source at a shorter wavelength which was Manuscript received April 1, 1992; revised August 28, 1992 . This work was supported by the National Science Foundation, Division of Astronomical Sciences.
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Corey continuously available at a constant elevation in the range 30" to 50".
11. DIFFRACTION BY RADOME SPACE FRAME
A. Fresnel Diffraction Integral
The Haystack antenna is enclosed in a geodesic dome with an aluminum space frame [5] of 456 hubs and 1385 interconnecting spars. The Fresnel diffraction pattern for a satellite signal can be computed from the normalized Fresnel integral [6] where
rectangular coordinates in aperture plane (see Fig. 1 ) antenna azimuth relative to satellite antenna elevation relative to satellite distance of obscuring element from reflector surface perpendicular distance of an element of the wave front passing through the radome from the direct ray between the radio source and the point (2; y) on the reflector surface element of surface area wavelength (x 2.5 cm for 12 GHz band) Fig. 1 illustrates the geometry used for calculation of the diffraction. An element of blockage is shown at a distance s from the direct ray and a distance d from the surface.
B. Effect on Beam Pattern diffraction wave front is
The beam response for an aperture illuminated with the (2) where IC is the wave number 2 r / A and F is the phase advance of a ray at (x, y) for scan angles ( U , b) .
For an antenna with intersecting rotation axes, F may be expressed as B ( a , b ) = over aperture F = IC sina cos Q + COS E sir1 6' -sin E cos 0 cos U ) + z(sin t sin 6' + cos E cos 6' cos a -I), (3) Fig. 1 . Simplified antenna and radome geometry where 8 is the satellite elevation (assumed fixed during holographic map) and t is the antenna elevation ( E = 8 + b). The parameter z is the perpendicular distance from the aperture plane through (x, y) on the surface of the reflector to the intersection of antenna rotation axes. The xyz coordinate system is centered on the intersection of axes with the z direction along the parabolic axis as shown in Fig. 1 . From the geometry of the parabolic reflector the distance z is given by
where h is the distance from the vertex to the axis intersection (4.31 m for Haystack) and f is the focal length (14.6 m for Haystack) .
For small scan angles expression (3) becomes
Expression (5) and all succeeding expressions are expanded to include only the linear and quadratic terms in the scan angles.
Higher order terms in a and b are omitted.
C. Smearing of Diffraction Pattern with Antenna Motion
For small values of Ax and Ay, this motion changes the phase of the diffracted wave front so that (9)
The variation of d in (1) with the scan angles is small enough to produce no significant error in the approximation (8). The approximation will, however, be inaccurate for the extreme outer radius near the edge of the dish where the diffraction pattern moves on and off the surface as the antenna is scanned.
To obtain a map of the antenna surface A(x, y) the beam pattern is Fourier transformed so that
The diffraction pattern moves on the surface of the reflector as the antenna is scanned because the radome is fixed. The motion Ax, Ay relative to the antenna coordinate frame (z,y,z) is given by where
( 1 1) and zo is the average value of z. This z dependent phase correction term is described by Scott and Ryle [l] and is applied before Fourier inversion. A sharper map could be made Ax = zacosd -yasind Ay = -zb + xasind.
(6) (7) using a transform for which H = F but this would preclude the use of the fast Fourier transform (FFT) algorithm. The loss of resolution which results from assuming a constant value of z is small for the scan widths used in the mapping. The value of zo used in the mapping is, however, needed to calculate an accurate model for correction of the radome diffraction.
D. Radome Diffraction Model
The radome diffraction model R ( z , y) corrected for the smearing and resolution of the holography is obtained by substitution of expression (8) into the transform (2) and applying the reverse transform (10) so that
An equivalent expression for (12) and (13) is given by the convolution of the diffraction with the resolution or smearing function W :
The resolution function W is complex and is a function of the scan width as well as of the location on the antenna. For a discrete scan, W(5' -%, y/ -y, z, y) = c eik (F+G-H) . (16) over points scanned
For the radome diffraction model to be accurate, it is important that the same raster scan be used for the radome model as for the holographic map. For high-quality holographic maps a square region was scanned but only a circular portion (or window) was used in order to minimize the resolution side lobes. The complex radome correction R ( z , y) is normalized so that it has unit magnitude and zero phase without diffractors.
The complex holographic map whose magnitude represents the surface illumination and whose phase represents small surface deviations is corrected by dividing the map by R ( z , y).
E. Computing the Diffraction Integral and Smearing Function
To ease the computing burden, the Fresnel diffraction integral is computed by summing over the regions of geometrical obscuration rather than the larger clear areas. The Fresnel sum is then obtained from the following relation: c = c -c (17) clear areas all areas blockage = 1 -.
blockage This is equivalent to calculating the forward scattering [7] with induced field ratio (IFR) equal to -1 . Since the smearing of the radome, owing to the resolution and motion of the diffraction pattern, changes gradually with location on the antenna, the smearing function W is computed for relatively large (6 m x 6 m) regions.
The computation of a radome correction for a holographic map of 0.5 m resolution takes about 4 h on a computer that executes about 2 million floating point operations per second. Since the geostationary satellites move very little it was generally necessary to compute only one model for a given resolution on each satellite.
F. Parameters in Computation
Prior to convolution, to account for the change of diffraction with scanning, the diffraction D ( z , y) is computed for a fine grid of points on the antenna surface. For each surface grid point ( 2 , y) the diffraction is computed by first projecting the radome hubs and spars onto a plane "diffraction" grid normal to the direction of the satellite, and then summing the points on this diffraction grid to approximate the integral of (1). The center of this diffraction grid is the intersection of the line of sight to the satellite with the radome as illustrated in Fig. 1 . The Fresnel integral for an adjacent point on the surface is computed by summing points in the same diffraction grid with suitable translation of its origin. A new diffraction grid is computed once the surface point lies outside a cell whose size is defined by the spacing needed for the correction model. The diffraction grids form a mosaic of the blockage, each grid being adequate for the diffraction computation of a small region and having an extent large enough to include only those diffractors which are close enough (within a few Fresnel zones) to be significant. A more complete geometry of the Haystack antenna is shown in Fig. 2 . The space frame geometry is computed from a table of the hub coordinates and a list of the interconnecting spars. Since the Haystack radome structure repeats every 72" in azimuth, the coordinates for only one-fifth of them are needed. While the space frame geometry is thought to be accurate to 1 cm, tests were made to check the registration of the radome with the antenna surface. In these tests a shift in registration of about 10 cm was needed to produce a significant change in the radome diffraction model.
Many tests were made to determine grid spacing required for sufficient accuracy to reduce errors in the model below 10% without adding an excessive computing burden. These parameters are given in Table I .
G. Corrections for Satellite Polarization
Small corrections [8] for the linear polarization of the satellite are made to the integral (1) to account for the polarization-dependent IFR of the spars. Spars parallel to the incident electric field vector have a cross-section enhancement of about 20% and about 10" added phase delay. The IFR corrections decrease toward the edge of the aperture as the projected blockage increases owing to the orientation of the spars, which have a 8 cm x 13 cm (E 3X x 5X) rectangular cross section. The surface maps are also significantly corrupted by reflections from the radome panels. These reflections are best viewed in the transmit mode. Portions of the emerging wave front are backscattered from the panels and retransmitted. These reflections produce side lobes of approximately -50 dB (at 12 GHz) that corrupt high-resolution maps by producing significant corruption of the beam maps at angles of more than 1" from the central beam. It is not possible to model these reflections, as their amplitude and phase cannot be accurately predicted. In fact, the phase and amplitude of the Haystack antenna side lobes change with the motion of the panels as the radome is pressurized to prevent buffeting of the panels in the wind. The practical solution is to provide some delay discrimination to reject the reflections that have an added signal delay equal to twice the distance from the surface to the panel. Most of the side lobes within a few degrees from the main beam are produced by panels close to the subreflector so that a frequency difference of about 4 MHz will result in a 180' phase shift of the unwanted reflection. Fortunately we were able to find satellites with two bands of pseudo-noise separated by approximately 4 MHz, thereby allowing beam maps to be obtained simultaneously at the two frequencies. When the beam maps are added, the panel reflections largely cancel.
IV. OTHER CORRECTIONS

A. Multiple Rejections from the Subrejector
Artifacts were also produced by multiple reflections on the antenna. The worst multiple reflections for Haystack are between the subreflector and the region blocked by the subreflector. The blocked or shadowed region includes the feed itself, the front of the RF box (see Fig. 2 ), and an annulus of the main reflector. The first step taken to eliminate these artifacts, which have the appearance of Newton's rings (see Fig. 7 ), was to cover the front of the RF box with microwave absorber and to construct a "spoiler" (shown in Fig. 2 ) to redirect the reflections from the blocked annulus on the main reflector away from the subreflector. The second step was to sum two surface maps taken with subreflector axial positions differing by X/4. Since the X/4 change in focus is quite small, the major difference in the maps is an approximately 180" change in the phase of the unwanted reflections so that the artifacts are almost canceled in the sum. However, sufficient rejection of the Newton ring artifacts was obtained by a combination of the spoiler and the two-frequency method used to reject the artifacts arising from the reflections from the radome panels. The radome panel reflection delay is about 0.12 ps (thereby repeating about every 8 MHz) while the multiple reflection from the subreflector is about 0.09 ps so that both are significantly reduced by two frequency bands 4 MHz apart. If the satellite transmissions contained pseudo-noise bands spread over a wide band, it would be possible to use the very long baseline interferometry (VLBI) [9] bandwidth synthesis technique or a single wideband channel to provide sufficient delay resolution to eliminate all multiple reflections with delays greater than the inverse bandwidth.
B. Subrejector Diffraction
The subreflector diffraction produces a significant error in the surface maps towards the edge of the dish. The diffraction is computed using the method of physical optics described by Rusch and Potter [lo] and Kouyoumjian [I I] . The diffraction pattern is now fixed to the antenna so that Ax and Ay in (6) and (7) are zero and G = 0. Hence
gives the phase used in the computation of the resolution function.
C. Subrejector and Quadrapod Blockage
The subreflector and its quadrapod support structure produce considerable blockage and diffraction side lobes from this blockage. This blockage is very complete in the shadowed regions and the information from the holographic maps in these regions is not usable. We attempted to use diffraction modeling to correct the regions adjacent to the blockage with some success but we found it better to increase the size of the regions which were blanked before input to the mechanical model. We found that the quadrapod structure was so complicated that accurate diffraction modeling was difficult, although in principle it should be possible.
v. MAGNITUDE OF RADOME AND OTHER CORRECTIONS Table I1 gives the approximate peak magnitude of the various corrections for the holography measurements made at 12 GHz with resolutions of 50 cm and 90 cm respectively. The magnitudes are given in an equivalent surface deviation which is equal to half the phase path correction. The Cassegrain feed used for holography on the Haystack antenna is a long pyramidal horn whose phase pattern over the angle subtended by the subreflector is very smooth with only a small residual astigmatism.
VI. EXAMPLES OF RESULTS
A. Measurement Method
An interferometer is formed between the Haystack antenna and a small satellite TV dish located about 50 m away. The microwave receiver outputs are down-converted to an IF band and then further down-converted to baseband and one-bit sampled using a Mark 111 VLBI data acquisition rack [9] . The signals are correlated in real time using a direct connection from the formatter to the Mark 111 correlator which eliminates the tape recorder used for VLBI. Four Mark 111 baseband converters are used, each with 0.5 MHz bandwidth to provide two simultaneous data channels. The converters are programmed to select a pair of pseudo-noise channels separated by about 4 MHz. The 0.5 MHz bandwidth was chosen to match the pseudo-noise channels transmitted by the satellite. The complex correlations are merged with total power calibration data and antenna raster scan data to form the input to image reconstruction software. During the raster scan there are periodic returns to the main beam in order to calibrate the instrumental phases. Table 111 gives some of the parameters used in the mapping.
The signal-to-noise ratio (SNR) of the interferometer was sufficient to make the random noise errors discussed by much smaller than the systematic errors introduced by the radome and multiple reflections. Fig. 3 shows the radome diffraction correction models for maps with 50 and 90 cm resolution. Both the hubs and the spars are clearly visible in the high-resolution models. The effect of the change of smearing with location on the surface is most evident in the high-resolution amplitude correction of Fig. 3(d) . Note that in this figure the hubs and spars appear sharper at the top of the dish than at the bottom. The variation of smearing with y (see (14)) is the result of the change in distance from the azimuth rotation axis. As the elevation of the antenna increases from zero, the bottom of the dish becomes further from the azimuth axis than the top of the dish. Fig. 4 shows the correction models for the subreflector diffraction appropriate for maps with 90 cm resolution. These relatively smooth corrections are only significant near the outer (a) (b) millimeters of equivalent surface deviation. 
B. Correction Models
C. Sur$ace Maps
Fig . 5 shows the surface illumination and surface deviation maps with 50 cm resolution uncorrected and corrected for radome diffraction. Since the radome effects are less severe with 90 cm resolution (see parts (a) and (c) of Fig. 3 ), we show only the high-resolution maps which uncorrected are severely limited by the radome. The surface illumination is shown as one test of the radome model accuracy which can be partly judged by the lack of radome features in the corrected map. The corrected amplitude map of Fig. 5(d) clearly shows the blockage of the subreflector and its quadrapod support. Also evident are some diffraction lobes from the quadrapod. The two faint horizontal features at about 10 m radius are the result of uncorrected diffraction from quadrapod guy cables which align most closely with satellite polarization. A significant feature in the antenna surface deviation of Fig. 5(b) is the circular "splice" plate that joins the inner and outer panels of the dish. (It is difficult to adjust the splice plate so that it is perfectly aligned with the inner and the outer panels.) While the corrected phase map shown in Fig. 5(b) is relatively free of radome features, we could have "rigged" the radome into the surface. Therefore, a better test of the radome phase correction is to compare surface maps made on different satellites to expose a different radome pattern. The difference map between two satellites is shown in Fig. 6 . This map was used to estimate the level of residual errors from the radome structure and panels given in Table IV . Residual errors associated with multiple reflections to the subreflector were estimated from the difference map in Fig. 7(a) . These errors are given in terms of the equivalent rms surface deviation.
The map of Fig. 6 (b) taken on different satellites has an rms of 0.17 mm (weighted by illumination amplitude) while the difference of two 50 cm resolution maps taken on different nights on the same satellite has an rms of 0.14 mm. Since the satellite moves by only a few beam widths between maps 011 different nights, the radome diffraction should be unchanged. However, even this small position change is sufficient to randomize the phases of the panel reflections. On the assumption that the diffraction errors repeat while the panel reflections are random, we can separate the error estimates. If the total error is the root sum square (rss) of components, then the panel reflections contribute 0.14 mni and the diffraction 0.1 mm. These numbers divided by fi are probably reasonable estimates of the errors in the individual All artifacts combined ( b ) Fig. 7 . Reduction of multiple reflections with spoiler: (a) with spoiler in place: (b) without spoiler-note Newton ring structure. Both of these maps arc of lower quality a\ they were made with a single frequency. maps and are given in Table IV for both 50 cm and 90 cm resolution. The rms surface deviation of the Haystack antenna (at the time of the map in Fig. 5 (b) made in January 1992) was estimated from the 50 cm resolution holography to be 0.25 m m for Fig. S(b) after correction for the artifacts (assuming the map is the rss of real features and artifacts). The estimate neglects components of surface roughness smaller than 50 cm which are unresolved by the holography.
VIT. CONCLUSION Diffraction effects and multiple reflections can severely limit the accuracy of antenna surface measurements made using microwave holography. The problem is especially severe if the holographic measurements have been made at a frequency much lower than the upper frequency for which the antenna will operate. The diffraction errors can be substantially reduced by modeling. Reflection spoilers and wideband holography can be used to reduce the effect of unwanted reflections. While some of the holographic errors described in this paper are unique to the Haystack antenna, the methods should be applicable to other antennas.
